) without any additional modifications or treatments and a high capacity retention (52%) even at 640 mA g −1 compared to the one (5% at 640 mA g −1 ) obtained via a spray-drying synthesis as a reference. This article is the first report of trying to synthesize a lithiumrich layered cathode material having a high rate capability by controlling the morphology and homogeneity of the precursor particles based on a reverse microemulsion technique.
High-Rate Capability of Lithium-Rich Layered Li 1 
Introduction
In recent years, the requirements for lithium-ion batteries (LiBs) have rapidly grown due to strong demands as power sources not only for portable devices in peacetime and/or in an emergency, but also for the prospective popularization of electric vehicles. As one of the promising materials to satisfy such requirements, a lithium-rich solid-solution layered cathode material has attracted many researcher's attentions because of their high energy density and high power density. [1] [2] [3] This type of cathode material, however, has the drawbacks of a rapid capacity fading due to the charge/discharge cycle repetitions and a low electron conductivity leading to a capacity decrease at a high current density. Another critical problem with this material is that the substantial decrease in the average discharge voltage during charge/discharge cycling, which is believed to be caused by the layered-to-spinel phase transformation on the surface region of the materials particles. [4] [5] [6] [7] [8] This means that the cathode material is not suitable for practical applications that require a highrate charge/discharge process, such as those pertaining to nextgeneration LiBs whose rapid power input and output are required.
In efforts to enhance and/or improve the cell performances for a variety of general cathode materials, there have been major approaches categorized as follows: one modifying the materials with a stable outer layer to protect from any undesirable sidereactions, [9] [10] [11] another reforming those based on suitable treatments to maximize their potential properties, [12] [13] [14] [15] and lastly, arranging the crystal structures and morphologies of the materials. [16] [17] [18] [19] Of these, the last one is of particular importance in determining the physical limitation of the materials because their electrochemical properties are sensitively determined by several factors, such as the compatibility of the key compounds forming the final structural architecture, and the synthetic conditions of the materials. For example, nano-sized electrochemical active particles could reflect their functional characteristics, such as a higher surface area, in minimizing the path length of the particles and accelerating the power supply. 20, 21 We have recently synthesized Li 1.2 Ni 0.18 Mn 0.59 Co 0.03 O 2 as a model specimen of lithium-rich layered cathode materials via a spray-drying method, and succeeded in improving the cycle stability and rate capability of the specimen by modifying it with LiCoPO 4 nanoparticles. 22 In the present study, we focused on the synthesis of the precursor, and designed a unique strategy to obtain sizeregulated precursor fine particles, whose morphology was also controlled to have a microscopic homogeneity based on a reverse microemulsion technique (Fig. 1) . The cathode material with the same composition of Li 1.2 Ni 0.18 Mn 0.59 Co 0.03 O 2 was synthesized from such precursor particles in order to look at the impact of such a precursor synthesis on the eventual cell performances of the material. The results indicated that this chemical approach is useful for acquiring a stable cycle stability and for dramatically promoting the rate capability of the material without any further modifications. 
Experimental

Preparation and characterization of cathode materials
All reagents and solvents of analytical grade were purchased from Sinopharm Chemical Reagent (Shanghai, China) unless otherwise described, and used without any further purification. The Li 1.2 Ni 0.18 Mn 0.59 Co 0.03 O 2 cathode material was synthesized by the following procedure. Nickel sulfate, manganese sulfate, and cobalt sulfate were used as the starting materials. An aqueous solution as the water phase was prepared by dissolving stoichiometric amounts of the sulfates (Ni: 9.0 mmol, Mn: 29.5 mmol, Co: 1.5 mmol) in ultrapure water (20 ml). Sodium dioctyl sulfosuccinate (Aerosol OT, AOT, 40 mmol) and Triton X-100 (40 mmol) were added to cyclohexane to prepare an oil phase (400 ml). The water phase was first solubilized in the oil phase, and mixed with the corresponding amounts of a sodium hydrogen carbonate aqueous solution (2 M, 20 ml) by dropping it into the mixture under constant stirring to prepare the precursor particles. The volumetric ratio of water-to-oil (W/O) was 1:10. When the suspension was vigorously stirred, a stable reverse microemulsion solution was obtained. Immediately after preparation of the precursor, 3.0 ml of tetraethyl orthosilicate (TEOS) was added to the solution in an amount sufficient to cover the surfaces of the particles with one monolayer, and then aqueous ammonia (25 wt%, 1.6 ml) was added to catalyze the hydrolysis reaction of TEOS. The reaction was stirred overnight. The product was collected by centrifuging and repeatedly washed with ethanol and water to remove the ions possibly remaining in the product, then dried overnight at 110°C. The dried powder specimen was heated at 350°C for 5 h, and cooled to room temperature. The specimen was dispersed in a lithium hydrate aqueous solution (2 M) to remove silica layer, centrifuged and followed by rinsing several times with water. After being dried at 110°C for 5 h, the etched specimen was mixed with stoichiometric amounts of lithium hydroxide (7 mol% Li excess), thoroughly ground and then pressed into pellets. After the pellets were calcined at 900°C in air for 12 h, they were quickly quenched in liquid nitrogen, and thoroughly ground again. For use as a reference, another cathode material with the same stoichiometric composition was synthesized by the spraydrying method as previously reported. 22 The cathode material obtained through the reverse microemulsion route is hereafter called EM, and the one from the spray-drying route as SD. The elemental compositions of the prepared materials were confirmed by inductively coupled plasma-mass spectroscopy (ICP-MS, 7700x, Agilent Technologies, USA). Their identifications were performed using an X-ray diffractometer equipped with CuKA radiation (Rint1000, Rigaku, Japan). The morphology and particle size of the samples were observed by a transmission electron microscope (TEM, G220, Tecnai, Nederland).
Cell assembly and cell performance tests
The electrochemical performances of the synthesized materials were investigated using CR2032 coin-type cells. The active materials were mixed with carbon black (Super P, 10 wt%) as a conductive agent, and then added to an N-methyl-2-pyrrolidone (NMP) solvent containing polyvinylidene fluoride (PVDF, 10 wt%) as the binder to form a slurry. The slurry mixture was spread out onto aluminum foils to form the electrode laminates. The electrode laminates were dried at 110°C under vacuum for 12 h. After drying, the laminates were punched into disks with T = 1.4 cm. The active material loading was ca. 4 mg. The test cells were assembled in a glove box filled with dry argon. Lithium metal served as the counter electrode and a Celgard 2400 porous polypropylene film as the separator. The electrolyte was 1 M LiPF 6 dissolved in a mixture of ethylene carbonate and diethyl carbonate (EC/DEC, 1:1 by volume). Ac impedance measurements were conducted using a battery evaluation system (LAND CT2001, Wuhan, China) and a three-electrode cell consisting of the laminate as the working electrode and two lithium foils as the counter and reference electrodes in the electrolyte solution. All the electrochemical data were obtained at room temperature.
Results and Discussion
To determine the impact of the morphology of the cathode material as well as the crystallography on the electrochemical behavior of the cell, we prepared the lithium-rich solid solution layered Li 1.2 Ni 0.18 Mn 0.59 Co 0.03 O 2 cathode material as a reference by a spray-drying method (SD). The morphology of the obtained SD particles was analyzed by TEM observations (Fig. 2A) . The particles had a typical crystal-growth-induced shape with the size distribution from approximately 200 to 500 nm as primary ones as generally seen in this type of cathode material. 22, 23 Simultaneously, the morphology of the siloxane-coated precursor prepared through a reverse microemulsion route and the precursor-based cathode material (EM) particles was investigated by TEM observations. Note that the precursor particles have not been heated and etched prior to the TEM observations. Visual inspection revealed that the precursor particles had a ball-like morphology, and its further magnification emphasized a microscopic homogeneity and a narrow size distribution between 50 and 60 nm for the primary ones (Fig. 2B) . The EM cathode material particles were prepared from such precursor particles, which were etched and heated at 350°C, then mixed with LiOH and calcined at 900°C (see Experimental section). As shown in Fig. 2C , the thus-prepared EM particles showed a grape-like morphology, in which innumerable fine spherical particles had aggregated, different from the SD materials. Their diameters were in the range of 10-50 nm. Although the size of the primary particles for the EM has changed to be remarkably smaller in appearance from the ones for the SD, it was determined that the entire agglomerates of the EM particles have a particle size comparable to that of the SD ones as a result. Accordingly, such distinct morphological features between the two types of particles Electrochemistry, 82(6), 438-443 (2014) may play a key role in depressing the occurrence of undesirable side-reactions as well as improving the cell performances (vide infra).
Next, to identify whether or not the crystal structures of the cathode materials obtained through different synthetic routes were the same, we characterized their powder specimens by the powder X-ray diffraction (XRD) technique. The XRD patterns of both the EM and SD powders are presented in Fig. 3 . All the major peaks can be assigned to the patterns typical for the ordered rock-salt structure of ¡-NaFeO 2 (space group R 3m). No impurity-phase peaks were detected except for several weak peaks observed between 20 and 25°, which correspond to the super lattice peaks of Li 2 MnO 3 with a monoclinic (C2/m) symmetry. 23 The diffraction peaks for EM were slightly broaden compared to those for SD, implying that the crystallinity of the EM specimen was low as supported by the TEM observation results shown in Fig. 2C .
The charge/discharge curves for the EM and SD cells measured at a current density of 20 mA g ¹1 between 2.0 and 4.8 V at room temperature are depicted in Fig. 4A . For EM, the initial charge and discharge capacities were 364 and 269 mAh g ¹1 , while those for SD were 355 and 277 mAh g ¹1 , respectively. A potential plateau at around 4.5 V was observed in the charge curve of the SD cell, which was attributed to the removal of Li and O from Li 2 MnO 3 , 17 and it has been postulated that the drastic oxygen removal from the lattice structure triggers the deterioration of cyclic performance during the charge/discharge cycling. 24 On the contrary, the plateau region at 4.5 V for the EM cell seemed to be inhibited to some extent as noted by the rightward facing arrow in Fig. 4A . Moreover, in the discharge curve for SD, a slight potential plateau was seen at around 2.7 V, whereas no plateau was detected in the discharge curve for EM. This plateau suggests the presence of the high-spin ion, Mn 3+ , 25, 26 . For the EM cathode material, such irreversible reactions might unlikely occur since the potential plateau at 2.7 V is hardly observed during the initial discharge. In addition to the suppression of the abovementioned undesirable reactions, the voltage difference between the charge and discharge curves for EM was narrower compared to the SD cell. This conspicuous indication still remained almost unchanged after the 50th charge/discharge cycling (Fig. 4B) . The plateau region detected after 4.5 V for the EM cell during the initial charging process satisfactorily disappeared from the 50th charge profile, while the profile for the SD cell during the 50th cycling showed not only the presence of the tiny 4.5 V-shoulder indicating the continuous removal of Li and O from the crystal structure, but also the extraordinary lowering of the average discharge voltage compared to the EM system. The discharge capacities of the EM and SD cells at the 50th discharge process were 281 and 213 mAh g ¹1 , respectively. Thus, these experimental facts clearly pointed out that the specific architectural network composed of the innumerable EM particles (see Fig. 2C ) would beneficially affect the overall cell performance.
Subsequently, cyclic durability tests were performed under the same conditions as already described in order to evaluate the cycle stability of the cathode materials (Fig. 5A) . The discharge capacity of the SD cell had a tendency to gradually decrease with the increasing cycle number. In contrast to this cyclic profile, the discharge capacity of the EM cell reached 281 mAh g ¹1 at the 5th cycle, and the EM cell demonstrated a stable cyclic behavior until 50 cycles. In order to understand how this cyclic persistence of the EM material is derived, we traced the charge/discharge cycling by electrochemical impedance spectroscopy (EIS). Figures 5B and 5C show the EIS spectra presented as Nyquist plots of the SD (B) and EM (C) electrodes before cycling (a) and after the 1st (b), 15th (c) and 30th chargings (d) to 4.8 V, respectively. The impedance spectra of the electrodes involve (i) a high to medium frequency profile that appears like a small semicircle most likely originating from the resistance (R sl ) due to the Li + ion diffusion mediating the surface passivation film (inset in Figs. 5B and 5C), (ii) a medium to low frequency semicircle, which is related to the interfacial chargetransfer resistance (R ct ), and (iii) a quasi-straight line corresponding to the Warburg impedance (R w ) in the low frequency region, which is related to the solid-state diffusion of Li + ions in the electrode materials. 26 The equivalent circuit model fitted in the present study is also depicted in Fig. 5D , where R sol , C sl and C ct represent the solution impedance, the non-ideal capacitances of the surface layer and the double-layer component, respectively. For both electrode Electrochemistry, 82(6), 438-443 (2014) systems, the charge transfer resistance R ct tends to increase upon the first charging to 4.8 V [Figs. 5B(b) and 5C(b)]. The increase in R ct can be ascribed to the passivating effect of MnO 2 on the electrode surface or to the structural rearrangements of the Li-rich layered cathode materials due to oxygen loss from the lattice. 27, 28 However, from the difference in the apparent behavior of these electrodes after subsequent cycling, we noticed that we can draw a definite correlation between their electrochemical properties (Figs. 5B and 5C). That is, in the medium-to-low frequency, the charge-transfer element in the impedance data of the EM electrode (Fig. 5C ) becomes negligible instead of exhibiting the Warburg-type element marked by the straight arrow when the charge/discharge cycling is repeated until the 30th charging step, whereas the impedance profile for the SD electrode still contains the semicircle corresponding to the charge-transfer element as indicated by the arrows in Fig. 5B . In addition, the overall features of the small semicircle observed in the high frequency for the EM electrode after charging (Fig. 5C, inset) are almost identical regardless of the cycle number compared to those of the SD electrode (Fig. 5B) . Since this small semicircle in the high frequency region mainly relates to the passivation film formed on the surface of cathode material particles, the EIS results in Fig. 5C are a good indicator demonstrating that for the particles synthesized via the EM route, a coherent smart solid-electrolyteinterface (SEI) layer may be formed on the surface of the particles whereby they are protected from any undesirable side-reactions during the following cycles after the 1st cycling. To summarize, we conclude that synthesizing a cathode material from the precursor fine particles can effectively stabilize the crystal structure due to the uniformity and stability of the formed SEI layer, and consequently improving the electrochemical properties.
Finally, we tested the rate capability of the obtained EM cathode material exhibiting the excellent cycle stability to evaluate its practical feasibility by varying the current densities. Figure 6A displays the results of a rate performance test at various applied current densities for the cells based on the two kinds of cathode materials prepared through two different synthetic routes. The cell Electrochemistry, 82(6), 438-443 (2014) was first cycled at 20 mA g ¹1 for 5 cycles, and from the 6th cycle, the rate was elevated step by step to the maximum level of 640 mA g ¹1 every five cycles, and eventually returned to 20 mA g ¹1 on the 31st cycle. When the current density was stepwise switched from 20 mA g ¹1 to a higher current density, remarkable differences in the cycling were observed for both cells. The discharge capacity for EM at a relatively low current density below 40 mA g ¹1 was almost constant, and for SD, it gradually continued to decrease with the cycling. Upon charge/discharge cycling from a higher range of more than 80 mA g ¹1 , the discharge capacity of the SD cell rapidly decreased with the increased current density, whereas the EM cell was capable of maintaining the relatively high discharge capacity (145 mAh g ¹1 ) corresponding to about 52% of the capacity retention even when the cell was operated at the higher current density of 640 mA g ¹1 . The difference in the lowering degree of the discharge capacity between both cells increased as the current density increased. Furthermore, the specific capacity for the EM cell recovered again to 281 mAh g ¹1 when the current density was switched from 640 to 20 mA g ¹1 at the 31st cycle, and then there was no significant capacity fading arising from the rapid cycle repetitions to 30 cycles. The capacity retentions after 50 cycles at each current density from 20 to 640 mA g ¹1 for both cells evaluated at the given current densities are also plotted versus those in Fig. 6B . As well as the results of the rate capability, the degree of the capacity retention between the EM and SD cells tended to further separate by increasing the current density. The capacity retentions for the EM and SD at the current density of 640 mA g ¹1 were 52% and 5%, respectively, and similar to those of the rate capability test (Fig. 6A) . This result also signifies that the EM cathode material has the potential ability to yield a long-term smooth Li + diffusion even under high-rate conditions in conjunction with the EIS data (vide supra).
Based on the characterizations and electrochemical measurements of the cathode materials, we now propose a mechanism for the efficient formation of an ideal electrolyte/particle interface on the very surface of the lithium-rich solid-solution layered material during the charge process (Fig. 7) .
Type-I for SD material: As observed in Fig. 2A , the particles of the material prepared by the SD route have an irregularly crystalgrowth-induced morphology characteristic of the common layered material. Upon charging after 4.5 V, where the potential plateau accompanied by the concomitant removal of Li and O from lattice structure is seen, 7, 8, 17, 18, 24 the formation of an SEI layer with a relatively wide thickness distribution is reasonable considering the morphology of the surface region of such particles. Further deep charging will cause the formation of the irreversible spinel phase 5 and the competitive partial destruction of the disordered SEI layer. Such reactions would easily occur if the material is recharged to 4.8 V during the subsequent charging step.
Type-II for EM material: The particles have been synthesized using the size-regulated homogeneous fine precursor particles, which are obtained from a reverse microemulsion solution in which the precursor deposition proceeds within the limited reaction field confined with surfactants. Since the resulting cathode material forms a network morphology based on aggregated fine particles (Fig. 2C) , it should provide higher surface areas to activate various reactions. The increase in the high surface areas, however, is also a disadvantage in preventing the material itself from any undesirable reactions, such as the removal of Li and O from the lattice. Nevertheless, this common rationale disagrees with our experimental facts (vide supra). Taking the morphological characteristic and the electrochemical data of the EM particles into account, we speculate that a stable SEI layer might be effectively formed on the surface of the particles and minimizes the following formation of the spinel phase. As a result, the morphological feature should be beneficial in reducing the internal resistance and to smoothen the Li + diffusion via the top surface layer. This hypothesis is strongly supported by the cell performance and EIS data (see Figs. 4 and 5) . Thus, we demonstrated that our chemical approach would make it possible to develop a cathode material exerting a good cell Figure 7 . (Color online) Schematic illustration of a proposed mechanism for the formation of the ideal electrolyte/particle interface on the surface of the layered cathode material during the charge process.
Electrochemistry, 82(6), 438-443 (2014) performance without any modifications or treatments. Further work is ongoing in order to clarify the structural and morphological effects of cathode material on its electrochemical behavior.
Conclusion
In summary, we have described a technique to synthesize a lithium-rich layered cathode material based on size-regulated precursor particles obtained via a reverse microemulsion technique. Our chemical approach allowed the preparation of the cathode material with a good rate capability as well as the inhibition of its cyclic deterioration during the charge/discharge process. Although we only introduce one kind of cathode material based on a precursor on a scale of tens of nanometers as an example here, this method can be easily extended to the preparation of other cathode materials. Therefore, we strongly believe that our finding will be useful for meeting the strong demands for establishing next-generation LiBs in the near future.
